PMA1 is an essential gene encoding the yeast plasma membrane [H ϩ ]ATPase. A pma1-D378N mutant has a dominant-negative effect on cell growth because both newly synthesized mutant and wild-type Pma1 molecules are retained and degraded in the endoplasmic reticulum (ER). Like other substrates for ER-associated degradation, Pma1-D378N is stabilized in mutants defective in components of the ubiquitination machinery. A genetic selection was performed for eps (ER-retained pma1 suppressing) mutants in which the growth defect caused by the D378N allele is suppressed. In an eps1 mutant, both mutant and wild-type Pma1 molecules are allowed to travel to the plasma membrane; however, normal retention of resident ER proteins Shr3 and Kar2 is not perturbed. Eps1 is a novel membrane protein belonging to the protein disulfide isomerase (PDI) family, and Eps1 co-localizes with Pma1-D378N in the ER. In the absence of Pma1-D378N, ER export of wild-type Pma1 is not affected by eps1 deletion, but export of the plasma membrane protein Gas1 is delayed. Because Eps1 is required for retention and degradation of Pma1-D378N, we propose a model in which Eps1 acts as a novel membranebound chaperone in ER quality control.
Introduction
As the site of entry into the secretory pathway, the endoplasmic reticulum (ER) initiates the proper folding, assembly and modification of newly synthesized proteins (Hammond and Helenius, 1995) . Molecular chaperones such as BiP and calnexin assist folding and assembly by preventing inappropriate interactions and/or aggregation between nascent polypeptides. In addition, protein folding in the ER is catalyzed by enzymes such as peptidyprolyl isomerase and protein disulfide isomerase (PDI) (Gething and Sambrook, 1992; Ferrari and Soling, 1999) . Together, the chaperones and folding enzymes comprise a component of an ER quality control system that is designed to identify immature and abnormal proteins, thereby helping to ensure that only correctly folded and assembled proteins are released into the secretory pathway. Those newly synthesized proteins that fail to fold properly ultimately are targeted for degradation, primarily by retrograde transloca-
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© European Molecular Biology Organization tion, ubiquitination and degradation by cytoplasmic proteasomes (Brodsky and McCracken, 1997; Kopito, 1997; Sommer and Wolf, 1997) .
While the general concepts of ER quality control have been broadly outlined, many molecular details of the process are unknown. Genetic methods have been used to identify components of the ER-associated degradation machinery in yeast (Hampton et al., 1996; Knop et al., 1996; McCracken et al., 1996) . While several novel genes have been identified, including DER1, HRD1 and HRD3 (Hampton et al., 1996; Knop et al., 1996) , it is not known whether these gene products participate in initial events in quality control, e.g. identification of the substrate, or in subsequent events, e.g. retrograde transport to the cytoplasm for degradation. Also unanswered is the question of how the quality control machinery discriminates between normal proteins in the process of folding and misfolded proteins to be degraded, although molecular chaperones have been suggested to participate in substrate selection for ER-associated degradation (ERAD) (Brodsky and McCracken, 1997; Kopito, 1997; Sommer and Wolf, 1997) .
We have studied ER quality control in Saccharomyces cerevisiae by examining a mutation in PMA1, encoding the plasma membrane [H ϩ ]ATPase, which causes a defect in ER export of the newly synthesized molecule. Pma1 is a major polytopic cell surface protein whose physiological role is to regulate intracellular pH and generate an electrochemical gradient by pumping protons out of the cell. Pma1 belongs to the P-type ATPase family of ion transporters whose members have a conserved aspartate residue that undergoes phosphorylation during catalysis. Previous work to study the functional consequences of mutating the predicted catalytic phosphorylation site of S.cerevisiae Pma1 (Asp378) led to the discovery that a substitution at this residue causes defective delivery of the newly synthesized protein to the plasma membrane. Instead, the mutant protein is misfolded and retained in the ER (Harris et al., 1994; DeWitt et al., 1998; Maldonado et al., 1998; Nakamoto et al., 1998) . Indeed, the entire region surrounding Asp378, lying in the central cytoplasmic domain bounded by 10 transmembrane segments, appears important for proper folding and ER export (DeWitt et al., 1998) . Because Pma1 at the cell surface is essential for growth, a defect in Pma1 biogenesis causes growth arrest. The pma1-D378N allele, even in the presence of wildtype PMA1, has a dominant-negative effect on growth (Harris et al., 1994; DeWitt et al., 1998; Maldonado et al., 1998; Nakamoto et al., 1998) .
We report here that Pma1-D378N undergoes degradation at the ER in a ubiquitin-dependent manner. In the presence of the mutant allele, wild-type Pma1 also undergoes retention and degradation. A genetic selection for mutants which suppress the dominant-negative growth Fig. 1 . Dominant-negative effect of mutant Pma1-D378N. (A) Growth on plates (synthetic complete medium containing 2% galactose) at room temperature. Cells (F1105) bearing pGAL-HA-PMA1 (pXZ28) grow. Cells bearing pGAL-pma1-D378 (pRN409) cannot grow. Cells cannot grow with both the URA3-marked plasmid bearing PMA1 (pXZ28) and the LEU2-marked plasmid bearing pma1-D378N (pRN409). eps1 permits growth of cells (WQY1) expressing Pma1-D378N. (B) Western blot showing induction of Pma1 and stability after shutting off synthesis. Wild-type cells (F1105) bearing pGAL-HA-PMA1 (pXZ28) or pGAL-myc-pma1-D378N (pWQ2) or both plasmids were grown to log phase in synthetic complete medium containing 2% raffinose (time 0) and then transferred to medium containing 2% galactose to induce synthesis of epitope-tagged Pma1 for 4 h (on). Glucose was then added to 3% to shut off synthesis and incubation continued for 4 h (off). Cell lysate was prepared, normalized to protein for SDS-PAGE and analyzed by Western blotting using anti-HA (left panel) and anti-myc antibody (right panel). Newly synthesized Pma1-D378N is degraded while wild-type Pma1 is stable. When the plasmids bearing PMA1 and pma1-D378N are co-expressed, both wild-type and mutant molecules are degraded.
effect of Pma1-D378N has resulted in identification of EPS1 (ER-retained Pma1 suppressing). Importantly, in eps1Δ cells, retention of Pma1-D378N and wild-type Pma1 is reversed, and both molecules are delivered to the plasma membrane. Nevertheless, retention of the ER resident proteins Kar2 and Shr3 appears normal. In the absence of Pma1-D378N, ER export of wild-type Pma1 is not perturbed by eps1 deletion; however, export of a wild-type membrane marker, Gas1, is delayed. EPS1 encodes a novel membrane protein belonging to the PDI family. We propose a role for Eps1 in recognition and delivery of substrate to the ER quality control machinery.
Results

Retention and degradation of Pma1-D378N by ER quality control
The pma1-D378N allele has a dominant-negative effect on growth as cells expressing the mutant protein cannot grow even though there is a chromosomal copy of PMA1 ( Figure 1A and Harris et al., 1994) . Previously, it has been suggested that mutant Pma1-D378N is retained in the ER as a consequence of a quality control mechanism (Harris et al., 1994; Nakamoto et al., 1998) . To determine whether Pma1-D378N undergoes degradation, we examined the fate of the newly synthesized molecule. To monitor the mutant and wild-type proteins independently, we have employed constructs in which wild-type and Pma1-D378N were tagged with hemagglutinin (HA) and c-myc epitopes, respectively. Expression was placed under the control of a regulated promoter; GAL1 and MET25 promoters produced similar results (see below). In Figure 1B , cells bearing pGAL-myc-pma1D378N were shifted to galactose-containing medium to induce synthesis. Glucose was added to shut off synthesis. Levels of newly synthesized Pma1 were detected by Western blot (with anti-myc and anti-HA antibodies) after 4 h induction as well as a further 4 h of chase. Figure 1B shows that after chase, newly synthesized wild-type Pma1 (left panel) remains relatively stable, consistent with the long halflife of Pma1 (Benito et al., 1991; Chang and Fink, 1995) , while Pma1-D378N is rapidly degraded (right panel). Degradation of newly synthesized wild-type Pma1 is also accelerated significantly when Pma1-D378N is expressed ( Figure 1B) .
Because some pma1 mutants have been reported to escape ER quality control and undergo degradation in the vacuole (Chang and Fink, 1995) , Pma1-D378N degradation was examined in pep4Δ cells, defective in vacuolar proteinase activity. Figure 2A shows that Pma1-D378N degradation in pep4 cells is not inhibited with respect to that of wild-type cells. Degradation of Pma1-D378N was then examined in a ubc6 ubc7 mutant because the ubiquitin-conjugating enzymes Ubc6 and Ubc7 are required for ERAD (Brodsky and McCracken, 1997; Sommer and Wolf, 1997) . Figure 2B shows that in ubc6 ubc7 cells, degradation of newly synthesized Pma1-D378N is slowed by comparison with that in wild-type cells. These data reveal that Pma1-D378N degradation is dependent on Ubc6 and Ubc7, but not vacuolar proteases, indicating that it is indeed a substrate for ER quality control.
Accumulation of Pma1-D378N affects ER structure and function
The observation that ER retention and degradation of Pma1-D378N causes, in turn, retention and degradation of wild-type Pma1 suggests a possible explanation for the dominant-negative growth effect of the mutant allele: wild-type Pma1 and its essential activity at the plasma membrane become rate limiting for growth. Because Pma1 turns over at the cell surface with a half-time of~11 h (Benito et al., 1991) , an effect on cell growth due to defective delivery of newly synthesized Pma1 is predicted to have a slow onset. Indeed, growth curves confirmed that a detectable decrease in rate of growth was first Rates of Pma1-D378N degradation are similar in wild-type (u) (t 1/2 estimated from semi-log plot~1.28 h) and pep4Δ (n) cells (t 1/2~1 .1 h). Stabilization of mutant Pma1 is apparent in eps1Δ cells (d) (t 1/2~3 h), while degradation is increased by multicopy EPS1 (e) (t 1/2~0 .2 h). (B) Pulse-chase analysis of wild-type (sub62) (u) and ubc6 ubc7 (MHY552) (r) cells bearing pMET-HA-pma1-D378N (pWQ12). Cells were resuspended in methionine-free medium for 2 h to induce expression of Pma1-D378N, and then labeled with Expre 35 S 35 S for 15 min. Cells were then chased in the presence of excess methionine and cysteine for various times. Immunoprecipitation with anti-HA antibody was normalized to lysate protein, analyzed by SDS-PAGE and quantitated by densitometry. Degradation of mutant Pma1 is delayed in ubc6 ubc7 cells (t 1/2 estimated from semi-log plot 2.35 h) by contrast with wild-type cells (t 1/2~0 .85 h).
apparent only ജ6 h after induction of Pma1-D378N expression ( Figure 3A ). Alternatively, it is possible that the growth defect caused by Pma1-D378N accumulation is a consequence of a general perturbation of ER function. To test this, the effect of Pma1-D378N on maturation of the vacuolar protein carboxypeptidase Y (CPY) was examined by pulse-chase analysis. Newly synthesized CPY enters the secretory pathway at the ER as a 67 kDa P1 form. Further glycosylation upon transit to the Golgi produces a 69 kDa P2 form, and proteolytic processing upon arrival at the vacuole yields the 61 kDa mature enzyme (Stevens et al., 1982) . Cells carrying pGAL-pma1-D378N were shifted to galactose-containing medium for 4 h, and then pulse-labeled with [ 35 S]methionine and cysteine. At this time, the growth rate is not altered detectably ( Figure 3A) . Figure 3B shows that in cells accumulating Pma1-D378N, there is a slight delay in maturation of P1 CPY to the Golgi P2 form, in contrast to cells expressing only wild-type Pma1 ( Figure 3B , arrowhead). Delivery of the vacuolar membrane protein alkaline phosphatase was similarly slowed in cells expressing Pma1-D378N (not shown). Perturbation of ER export is dependent on accumulation of Pma1-D378N: no effect on CPY export was observed at a time prior to detectable accumulation (at 1 h after induction; not shown).
eps1 suppresses the dominant-negative growth defect induced by Pma1-D378N
To understand better the molecular basis of Pma1-D378N retention and degradation within the ER, a genetic selection was performed to isolate eps mutants which suppress the growth defect caused by pma1-D378N. Cells carrying pGAL-pma1-D378N were transformed with a mutagenized genomic library containing random insertions of lacZ and LEU2 (Burns et al., 1994) , and then plated on galactosecontaining medium. Transformants that grew on galactose were selected. Tetrad analysis was used to identify suppressors in which the LEU2 insertion segregated 2:2, indicating a single genetic locus, and was linked to growth on galactose medium. While several eps mutants were identified that satisfied these criteria, only eps1 cells permitted substantial synthesis of Pma1-D378N to occur. Therefore, it seemed quite likely that eps1 affects the post-translational fate of mutant Pma1. Figure 1A shows that cells with an insertion within the EPS1 coding sequence can grow when Pma1-D378N is expressed. A strain was constructed bearing a complete deletion and replacement of EPS1 with HIS3; these cells also suppress the growth defect caused by mutant Pma1 expressed from either GAL1 ( Figure 1A ) or MET25 promoters (not shown), and were used for further analysis. eps1 allows mutant Pma1 to move from ER to plasma membrane To address the mechanism by which eps1 suppresses pma1-D378N, the stability and localization of newly synthesized Pma1 were examined. As shown in Figure 2A , degradation of mutant Pma1 is slowed in eps1Δ cells; by contrast, EPS1 overexpression increases mutant Pma1 degradation.
Localization of mutant Pma1 was studied by indirect immunofluorescence. ER retention of myc-tagged Pma1-D378N was first confirmed in wild-type cells. Figure 4A (left panel, arrowheads) shows staining of cells expressing myc-tagged mutant Pma1 from a GAL1 promoter. Large 5975 punctate structures are stained which appear distinct from any organelle described in wild-type cells. By contrast, staining with antibody against the ER marker Kar2 revealed a predominantly perinuclear pattern, closely resembling the ER pattern reported for wild-type cells (Rose et al., 1989) . In some cells, myc staining is coincident with Kar2 staining, indicating that mutant Pma1-D378N is retained in the ER (Figure 4A, arrowheads and Harris et al., 1994) . There is more extensive colocalization of Pma1-D378N with Kar2 in a perinuclear distribution in cells expressing MET-pma1-D378N (see Figure 9 ), suggesting that the large punctate structures are a reflection of GAL1-induced protein proliferation. In the presence of the mutant allele, the localization pattern of HA-tagged wild-type Pma1 is also punctate ( Figure 4A , right panel); there is no obvious staining of either mutant or wild-type Pma1 at the plasma membrane. ER retention of both mutant and wild-type Pma1 is consistent with degradation of the wild-type protein in the presence of Pma1-D378N ( Figure 1B) .
Co-localization of newly synthesized Pma1-D378N and wild-type Pma1 at the ER was examined further by cell fractionation. Previous work has established that Renografin density gradients efficiently resolve plasma membrane from intracellular (ER, Golgi and vacuole) membranes (Schandel and Jenness, 1994) . As a control, the fractionation pattern of cells expressing pGAL1-HA-PMA1 alone was determined ( Figure 5A , panel a); HAPma1 is present predominantly in fractions 10 and 11, coincident with plasma membranes [detected using the plasma membrane marker Gas1 (Figure 10 below) and anti-Pma1 antibody in the absence of induced protein (not shown)]. When wild-type Pma1 is expressed together with Pma1-D378N, the HA-tagged protein shifts to fractions 7 and 8, where myc-Pma1-D378N also accumulates ( Figure 5A , panels b and c). These fractions are enriched in the ER, based on their content of the ER membrane marker Sec61 (panel d).
In eps1 cells, strikingly, localization by indirect immunofluorescence shows staining of both Pma1-D378N and wild-type Pma1 at the cell surface (compare Figure 4B with A). In agreement with the immunofluorescence results, fractionation on a Renografin density gradient shows both mutant and wild-type Pma1 migrating with the plasma membrane in fractions 10 and 11, away from the ER marker, Sec61, in fraction 7 ( Figure 4B ). Therefore, eps1Δ stabilizes Pma1-D378N by reversing its ER retention, and permitting export of both mutant and wild-type Pma1 to the plasma membrane.
Because Eps1 is required for ER retention of Pma1-D378N, further work was carried out to determine whether retention of ER resident proteins Shr3 and Kar2 is affected by eps1Δ. Localization of the membrane protein Shr3 (Ljungdahl et al., 1992) and the lumenal protein Kar2 was examined by indirect immunofluorescence. As shown in Figure 6A , both Shr3 and Kar2 are found in a typical ER distribution surrounding the nucleus [shown by 4Ј,6-diamidino-2-phenylindole (DAPI) staining] in eps1 cells. Localization of both ER residents in eps1 cells is indistinguishable from that in wild-type cells. Figure 6B shows no detectable secretion of Kar2 in eps1Δ and wildtype cells, by contrast with erd2 cells which readily secrete Kar2 (Semenza et al., 1990) . Therefore, eps1Δ prevents retention of Pma1-D378N but does not affect retention of normal ER proteins.
Eps1 is a novel member of the protein disulfide isomerase-related family
The identity of the disrupted eps1 gene was determined by cloning and sequencing genomic DNA immediately adjacent to the insertion (Burns et al., 1994) . A database search revealed that eps1 contained an insertion within the open reading frame corresponding to YIL005w (Cherry et al., 1997) . BLAST analysis indicates that EPS1 encodes a novel protein with high sequence similarity to PDI (~20% identity) and other proteins of the PDI family. Eps1 contains a domain which is common to all members of the family and is the active site of the oxidoreductase thioredoxin. The domain contains a CXXC motif that can participate in dithiol-disulfide exchange reactions (Luz and Lennarz, 1996; Ferrari and Soling, 1999 ) (asterisks, Figure 7A ). Figure 7A shows an alignment of Eps1 with members of the PDI family identified in yeast, including Pdi1 (Gunther et al., 1991; LaMantia et al., 1991) , Eug1 (Tachibana and Stevens, 1992) , Mpd1 (Tachikawa et al., 1995) and Mpd2 (Tachikawa et al., 1997) . Other members of the yeast PDI family are ER lumenal proteins [with HDEL signals at the C-terminus ( Figure 7A) ]. In contrast, hydropathy analysis of Eps1 predicts an N-terminal signal sequence and a single transmembrane domain (underlined in Figure 7A ), and Eps1 terminates with the sequence KKKNQD, which fits closely the consensus motif for retention of transmembrane proteins in the ER (Jackson et al., 1990) .
While PDI1 is essential for cell viability, EPS1 and other members of the family are not. Indeed, eps1Δ does not cause any detectable growth defect (not shown). Overexpression of other yeast PDI family members allows cells to grow in the absence of PDI1 (Tachibana and Stevens, 1992; Tachikawa et al., 1995 Tachikawa et al., , 1997 . A plasmid shuffle experiment was performed to determine whether EPS1 overexpression can suppress lethality of pdi1Δ. For this purpose, a strain was employed in which a chromosomal deletion of PDI1 is complemented by the PDI1 gene on a URA3-marked plasmid. These cells cannot live without the plasmid and cannot grow on 5-fluoro-orotic acid (5-FOA) (Boeke et al., 1987) . The ability of high copy EPS1 to replace the URA3-marked plasmid bearing PDI1 was assayed by growth on 5-FOA. As a positive control, the ability of EUG1 overexpression to suppress the lethality of pdi1Δ was tested. Figure 7B shows that EPS1 overexpression, like that of EUG1, allows pdi1Δ cells to grow on 5-FOA in the absence of PDI1.
Because Eps1 can replace the essential function of PDI, it was of interest to assess whether Eps1 also plays a role in disulfide bond formation of newly synthesized proteins. Previous work has demonstrated that disulfide bond formation is required for proper folding and ER export of CPY (Tachibana and Stevens, 1992) . Therefore, we examined intracellular transport of CPY in eps1 cells. Figure 8 shows that there is no discernible difference in the kinetics of appearance of P1, P2 and M forms of CPY in wildtype and eps1Δ cells. Specifically, accumulation of the P1 or ER form of CPY in eps1 cells was not detected. These data indicate that Eps1 is not required for disulfide bond formation and ER export of CPY.
In order to characterize Eps1, we employed a construct tagged with the c-myc epitope at the C-terminus before the KKKNQD sequence; this construct behaves like wildtype Eps1 in its ability to reverse suppression of pma1-D378N as well as complementing the eps1Δ phenotype (described further below). By Western blot ( Figure 9A ), myc-tagged Eps1 is seen as a faint single band of M r 88 kDa, slightly larger than predicted by its sequence. The intensity of the signal increases substantially when tagged EPS1 is expressed from a high copy plasmid. Upon fractionation of lysate, Eps1 is associated with a membrane pellet isolated following centrifugation at 10 000 g. Because Eps1 remains associated with membranes after extraction with 0.5 M NaCl or 0.1 M Na carbonate, pH 11.5 ( Figure 9A ), we conclude that Eps1 behaves as an integral membrane protein (Steck and Yu, 1973 ). Localization of Eps1 was then determined by indirect immunofluorescence. Figure 9B shows the staining of eps1Δ cells bearing multicopy myc-tagged EPS1. (Specific staining of the construct on a centromeric plasmid was not detectable.) Staining of myc-Eps1 is coincident with perinuclear Kar2 staining in some cells ( Figure 9B , arrows). In the presence of Pma1-D378N, there is some co-localization of Eps1 and mutant Pma1. Additionally, there is punctate Eps1 staining in the cytoplasm that is distinct from both Kar2 and Pma1-D378N staining.
Effect of eps1 on protein export from the ER
The effect of eps1 on intracellular transport of wild-type Pma1 was examined in the absence of Pma1-D378N. Previously, it has been shown that under conditions in which ER export of Pma1 is impaired, Pma1 accumulation at the ER can be detected (Roberg et al., 1999) . Therefore, the distribution of wild-type Pma1 in eps1 cells was studied by density gradient fractionation. Figure 10 shows that in both eps1 and wild-type cells, Pma1 is found in plasma membrane-enriched fractions 10 and 11 (panels a and b). Similarly, by indirect immunofluorescence, Pma1 appears localized exclusively to the plasma membrane in both eps1 and wild-type cells (not shown).
Strikingly, although no effect of eps1 on wild-type Pma1 transport was detected, ER accumulation of the plasma membrane protein Gas1 was observed. Insertion of Gas1 into the ER membrane occurs via a GPI anchor and is accompanied by core glycosylation, generating an M r 105 kDa form. Movement to the Golgi is rapid and Gas1 shifts to 125 kDa as it acquires further glycosylation (Doering and Schekman, 1996; Sutterlin et al., 1997) . Figure 10 shows Gas1 distribution after density gradient fractionation (panels c and d). In wild-type cells, Gas1 is predominantly at the plasma membrane (fractions 10 and 11). By contrast, in eps1Δ cells, there is accumulation of the 105 kDa ER form of Gas1 in lower density (7 and 8) fractions (arrowhead, panel c). Pulse-chase analysis revealed a delay in generation of the 125 kDa Golgimodified form of Gas1 in eps1Δ cells by comparison with wild-type cells, consistent with the idea that slowed ER export results in ER accumulation (not shown). These data suggest that Eps1 does not play an important role 5977 in ER export of wild-type Pma1, but facilitates export of Gas1.
Discussion
The Pma1-D378N mutant is misfolded, retained and accumulated in the ER (Figures 4 and 5 ; Harris et al., 1994; DeWitt et al., 1998; Maldonado et al., 1998; Nakamoto et al., 1998) . Pma1-D378N is a substrate for ER quality control as its degradation is dependent on Ubc6 and Ubc7, but not Pep4 (Figure 2 ). Both mutant and wild-type Pma1 are retained and degraded concomitantly (Figure 1 ). Recent evidence that Pma1 forms a hexamer (Auer et al., 1998) supports a model in which oligomerization of mutant and wild-type Pma1 in the ER results in retention and degradation of both molecules.
We suspect that the growth defect associated with Pma1-D378N accumulation is accounted for by a block in Pma1 export coupled with gradual depletion of Pma1 enzyme activity from the cell surface. This idea is supported by a decrease in growth rate that is detectable only ജ6 h after induction of Pma1-D378N expression (Figure 3) , consistent with the slow rate of Pma1 turnover at the plasma membrane (Benito et al., 1991) . Even so, at a time when growth is not yet significantly affected, Pma1-D378N accumulation begins to cause moderate disturbances of ER structure and function. By 4 h after induction, both mutant and wild-type Pma1 were observed in large punctate structures ( Figure 4) ; these structures may represent proliferated ER membrane, as has been reported upon overproduction of various membrane proteins (reviewed in de-Kerchove d 'Exaerde et al., 1996) . In addition, export of newly synthesized proteins from the ER is perturbed in cells that accumulate Pma1-D378N (Figure 3 ). In contrast with the complete block of export of wild-type (Higgins et al., 1992) . Identical amino acid residues are boxed, and hyphens indicate gaps introduced to maximize alignment. Asterisks overlie conserved thioredoxin-like CXXC motifs; PDI has two while Eps1 has a single thioredoxin-like domain. All members of the family, except Eps1, have HDEL retention signals at the C-terminus; Eps1 terminates with the residues KKKNQD at the C-terminus. The predicted transmembrane domain is underlined. (B) Overexpression of EPS1 can suppress the lethality of pdi1Δ. A strain with a chromosomal deletion of PDI1 complemented by PDI1 on a URA3-marked plasmid was transformed with multicopy EPS1 (pWQ19) or GAL1-EUG1 (pCT44). After growth in medium containing galactose and uracil, Ura -cells were selected on 5-FOA. Overexpression of EUG1 and EPS1 suppresses the lethality of pdi1Δ.
Pma1, there is only a kinetic slowing in export of other proteins. Indeed, this effect is likely to be a consequence of Pma1 accumulation because it was not detected at early times after induction.
A major finding in this study is the identification of 5978 EPS1 in a genetic selection for suppressors of pma1-D378N. Many of the previous genetic screens to identify components of the yeast ER quality control apparatus have isolated mutants that prevent degradation of a substrate, leading to identification of components of the degradation Lysate was prepared from eps1Δ cells (WQY1) with or without a centromeric or 2μ plasmid bearing myc-tagged EPS1 (pWQ28 and pWQ30), and mixed with an equal volume of 1 M NaCl or 0.2 M Na carbonate, pH 11.5. After incubation on ice for 30 min, the sample was centrifuged at 100 000 g for 1 h to generate soluble and membrane fractions. The presence of Eps1 in total (T), supernatant (S) and pellet (P) fractions was detected with anti-myc antibody. The M r 88 000 kDa band is not present in lysate without plasmid (NT). Myc-Eps1 remains associated with membranes after extraction with high salt or high pH buffer. (B) Localization of Eps1 by indirect immunofluorescence. Upper panels: eps1Δ cells bearing myc-EPS1 (pWQ29) were fixed for double staining with anti-myc and anti-Kar2, followed by Cy3-and Cy2-conjugated secondary antibodies. Arrows indicate co-localization. Lower panels: double staining of myc-Eps1 with HA-Pma1-D378N. Cells (WQY1) bearing pMET-HA-pma1 (pWQ12) and myc-EPS1 (pWQ29) growing exponentially in minimal medium containing 600 μM methionine were harvested, washed and resuspended in methionine-free medium to induce synthesis of mutant Pma1 (see Materials and methods). After 3 h, cells were prepared for staining with polyclonal anti-HA and monoclonal anti-myc antibodies. Fig. 10 . Effect of eps1 on protein export from the ER. Localization of Pma1 and Gas1 in wild-type (F1105) and eps1 (WQY1) cells. Cell lysate was fractionated on a Renografin density gradient. Fractionation was analyzed by Western blotting with polyclonal anti-Pma1 and antiGas1 antibodies. In panels a and b, Pma1 is found predominantly in fraction 10 in eps1 and wild-type cells, respectively. In panel c, in eps1 cells, there is accumulation of the 105 kDa ER (arrowhead) form of Gas1 in fractions 7 and 8; in addition, the 125 kDa mature form is found in a peak in fraction 10. In panel d, the majority of Gas1 in wild-type cells is in fraction 10. machinery (Hampton et al., 1996; Knop et al., 1996; McCracken et al., 1996; Loayza et al., 1998) . Because the selection method for suppressors of pma1-D378N was based on the ability of the cells to grow (by delivering Pma1 to the cell surface), it was unlikely to yield mutants defective in degradation per se. Indeed, eps1 cells stabilize Pma1-D378N by abolishing ER retention and allowing export of mutant and wild-type Pma1 to the cell surface (Figures 4 and 5) .
We find that Eps1 is required for ER retention of Pma1-D378N but does not play an important role in normal retention of resident ER proteins (Figure 6 ). Moreover, Eps1 does not appear to play a role in the intracellular transport of wild-type Pma1 in the absence of Pma1-D378N (Figure 10 ). Therefore, eps1Δ does not appear to cause a general perturbation of protein trafficking.
Eps1 is a novel ER membrane protein containing a CXXC domain conserved in PDI family members (Figures 7and 9) . Unlike PDI1, EPS1 is not essential for cell viability. While the essential function of PDI to reshuffle non-native disulfide bonds is mediated by its thioredoxin domains (Luz and Lennarz, 1996; Wang and Tsou, 1998; Ferrari and Soling, 1999) , it is not known how or whether the thioredoxin-like domain of Eps1 plays a role in ER quality control. If Eps1 interacts directly with Pma1-D378N, it is probably mediated by a domain other than the lumenal thioredoxin domain because topological predictions place only~4% of Pma1 in the lumen (Serrano, 1989; Auer et al., 1998) , and disulfide bonding does not appear to play any role in Pma1 structure or function (Petrov and Slayman, 1995) . At present, we cannot rule out the possibility that ER export of Pma1-D378N is due to an indirect effect of eps1Δ, for instance, on the redox potential of the ER. Notably, however, folding and export of the redox-sensitive protein, CPY, is not perturbed detectably in eps1 cells (Figure 8 ).
Although the means by which proteins are selected for ER-associated degradation is not known, it has been suggested that molecular chaperones might participate in identifying and delivering substrates to the degradation machinery (Hammond and Helenius, 1995; Brodsky and McCracken, 1997; Kopito, 1997; Sommer and Wolf, 1997) . The observation that Eps1 is a member of the PDI family suggests a model in which Eps1 may have a chaperone-like function in recognition and retention of substrates for ER quality control. Indeed, it is becoming increasingly clear that members of the PDI family have chaperone functions in addition to their enzymatic activities (Luz and Lennarz, 1996; Wang and Tsou, 1998; Ferrari and Soling, 1999) . Our hypothesis is consistent with the observation that ER-associated degradation of some substrates is inhibited in calnexin and BiP mutants (Plemper et al., 1997; Brodsky et al., 1999) . Moreover, in this regard, it is of interest that in eps1 cells there is a delay in export of newly synthesized Gas1, resulting in ER accumulation (Figure 10 ). This observation is consistent with a role for Eps1 in facilitating ER export of Gas1, although we cannot exclude the possibility that impairment of Gas1 export in eps1 cells is indirect (Horvath et al., 1994) .
While the molecular mechanism of Eps1 action awaits further work, its absolute requirement in retention and degradation of Pma1-D378N points to an important function in ER quality control.
Materials and methods
Media and strains
Unless specified, experiments were performed using strains isogenic with W303 15 trp1-1 ade2-1 can1-100; F1105, Fink laboratory collection, Whitehead Institute, Cambridge, MA). WQY1 15 trp1-1 ade2-1 can1-100 eps1::HIS3) was generated by transforming F1105 with pWQ10. MY3331 comes from M.Rose (Princeton University, NJ). MHY552 and sub62 were from M.Hochstrasser via D.Kornitzer (Technion, Haifa, Israel) .
Standard yeast media and genetic manipulations were as described (Sherman et al., 1986) . To study proteins under the control of a galactosedependent promoter, cells were grown in synthetic complete medium containing 2% raffinose (in which there is neither induction nor inhibition of GAL1). Exponentially growing cells were then transferred to synthetic complete medium containing 2% galactose. After induction, synthesis was terminated by addition of glucose to 3%. Pma1-D378N under the control of the MET25 promoter (Mumberg et al., 1994) behaves like that under GAL1 control. To study these cells under repressing conditions, cells were grown in minimal medium containing 600 μM methionine. To induce synthesis of mutant Pma1, cells were harvested, washed once with water, and placed in minimal medium without methionine; to shut off synthesis, 2 mM methionine was added.
Plasmids and molecular biology B2513 is a URA3-marked centromeric plasmid containing HA-tagged SHR3 (Ljungdahl et al., 1992 ; Fink laboratory collection). The plasmid pXZ28, obtained from J.Haber (Brandeis University, Waltham, MA), contains a URA3 marker and PMA1 under the control of a galactoseinducible promoter; PMA1 is tagged with an HA epitope introduced after the second amino acid (Harris et al., 1994) . pRN409L and pRN409U are LEU2-and URA3-marked plasmids, respectively, containing the pma1-D378N mutation within a 3.8 kb HindIII-SacI fragment from pPMA1.2 (Nakamoto et al., 1998) ; pma1 is under the control of the GAL1 promoter. pFT4 carries PMA1 with a c-myc epitope introduced after the second amino acid. pRN409 and pFT4 were provided by C.Slayman (Yale University, New Haven, CT). pWQ2 bearing mycpma1-D378N was constructed by replacing the 750 bp HindIII-BstEII fragment of pRN409L with that of pFT4; the HindIII site in both plasmids was introduced at -27 from the start codon of PMA1 (Nakamoto et al., 1991) . pWQ12 contains HA-pma1-D378N cloned after the MET25 promoter. pWQ12 was constructed by first cloning a 3.7 kb HindIIISmaI fragment bearing myc-pma1-D378N from pWQ2 into pBSII (KS ϩ ) (Stratagene, La Jolla, CA), followed by excision of the fragment using HindIII and XhoI sites for cloning into FB1521, a URA3-marked centromeric plasmid bearing the MET25 promoter (Mumberg et al., 1994) , generating pWQ5. To replace the myc tag with an HA tag, the plasmid pND542 (derived from pXZ28, provided by N.Davis, Wayne State University, MI) was used as a template for PCR. A fragment of 0.8 kb was amplified using the oligonucleotide TCCCCCGGGAGCTA-GTTAAAGAAAATC to introduce a SmaI site at -67 bp from the start codon and the oligonucleotide CCTTCACCTCTCTTAACA. After cutting with SmaI and BstEII, the PCR fragment was used to replace the corresponding fragment in pWQ5.
The plasmid pWQ10 to disrupt EPS1 was constructed by using PCR to amplify genomic DNA; a 1.5 kb PCR product with introduced EcoRI and SmaI restriction sites upstream of the EPS1 start codon and a 1.5 kb product with introduced SmaI-XbaI sites downstream of the stop codon were cloned in pBSII; to mark the disruption, a 3.1 kb fragment containing HIS3 and kan r (from B2179, Fink laboratory collection) was inserted at SmaI.
For the plasmid shuffle experiment, pWQ19 was constructed by amplifying genomic DNA by PCR using an oligonucleotide to introduce a SalI site~1 kb upstream of the EPS1 start codon (AAGTCGACCCT-CGGTGAGCACCCCAC) and another oligo at the stop codon. The product was subcloned into a LEU2-marked 2μ vector (B2201; Fink laboratory collection) via pGEM-T Easy (Promega, Madison, WI) at SalI-NotI. The multicopy EUG1 plasmid, pCT44, also used for plasmid shuffle, was from Tom Stevens' laboratory (Tachibana and Stevens, 1992) . To place an epitope tag at the C-terminus of Eps1 prior to the putative KKKNQD retrieval signal, pWQ26 was constructed by amplifying genomic DNA by PCR using the oligonucleotide annealing 1 kb upstream of the start codon and the oligonucleotide GCCAGAA-GATCTGGGATC; the 3.3 kb product was then cut with SalI and BglII and ligated to the SalI-BamHI sites of pRS316 (Sikorski and Hieter, 1989) . pWQ26 was used as a template for oligonucleotide-directed mutagenesis (Kunkel et al., 1987) using TTGATTTTTTTTTTTGGAT-CCCTCCATATTTCC to introduce a BamHI site into which three tandem copies of a myc epitope was cloned to generate pWQ28. pWQ29 and pWQ30 are 2μ vectors marked with LEU2 (B2201) and URA3 (pRS202), respectively, bearing EPS1-myc.
Genetic selection F1105 cells bearing pGAL-pma1-D378N (pRN409U) were transformed with each of 14 independent pools of a mutagenized genomic library containing random lacZ and LEU2 insertions (Burns et al., 1994) . Leu ϩ Ura ϩ transformants (~88 000) were plated on synthetic complete media without leucine and uracil, containing 2% galactose. Ninety six colonies that grew on galactose medium were crossed to 10556-20A (MATa, 112, 15, ; Fink laboratory collection), and the diploid was subjected to tetrad analysis to determine whether the ability to grow in the presence of pGAL-pma1-D378N was linked to a single LEU2 insertion. Seventeen of the Leu ϩ Ura ϩ transformants fulfilled these criteria, and sequence analysis of genomic DNA adjacent to the insertion in these strains was undertaken as described (Burns et al., 1994) . DNA sequencing was performed by the AECOM DNA sequencing facility. Sequences were analyzed using BLAST (Altschul et al., 1990) . Insertion of lacZ in the eps1::LEU2 mutant is at codon 1810 out of a total of 2106 codons.
Indirect immunofluorescence
Indirect immunofluorescence staining was performed essentially as described (Rose et al., 1990) . Briefly, cultures growing exponentially in medium containing 2% galactose were harvested and fixed in 4.4% formaldehyde, 0.1 M K phosphate, pH 6.5 for 2 h at room temperature. Cells were spheroplasted with oxalyticase (Enzogenetics, Corvallis, OR), and permeabilized with methanol and acetone. Cells were then incubated overnight with monoclonal or polyclonal anti-HA (BAbCo, Berkeley, CA), monoclonal anti-myc (Santa Cruz Biotechnology Inc.) and/or antiKar2 antibody (provided by Mark Rose, Princeton, NJ). Primary antibody staining was visualized with Cy2-and/or Cy3-conjugated secondary antibodies (Amersham, Arlington Heights, IL, and Jackson ImmunoResearch, West Grove, PA). Experiments for Figure 4 were photographed using a Zeiss Axiophot microscope. All other experiments were visualized using an Olympus IX70 microscope, images were collected digitally, and adjusted with Adobe Photoshop.
Cell fractionation, Western blot and metabolic labeling
Cell fractionation on Renografin density gradients was performed essentially as described (Schandel and Jenness, 1994; Jenness et al., 1997) . Briefly, cell lysates were prepared by suspending cells in buffer (50 mM Tris, pH 7.5, 1 mM EDTA) in the presence of a protease inhibitor cocktail including 1 mM phenylmethylsulfonyl fluoride (PMSF) (Chang and Slayman, 1991) and vortexing with glass beads. Unbroken cells were removed by centrifugation at 400 g for 5 min. Lysate (0.5 ml) was mixed with 0.5 ml Renografin-76 (a gift from L.Marsh, Albert Einstein College of Medicine), placed at the bottom of a centrifuge tube and overlaid with 1 ml of 34, 30, 26 and 22% Renografin solutions (prepared by diluting Renografin-76 with Tris-EDTA buffer). Gradients were centrifuged in an SW50.1 rotor overnight at 150 000 g at 4°C. Fractions (350 μl) were collected from the top of each gradient. To prevent Renografin from interfering with subsequent Western blots, aliquots of each fraction (150 μl) were diluted with Tris-EDTA buffer containing protease inhibitors (1.5 ml), and membranes were pelleted by centrifugation at 100 000 g for 1 h. For Western blot of cell lysate, cells were broken by vortexing with glass beads as described (Chang and Slayman, 1991) , and samples were normalized to protein using the Bradford assay (Bio-Rad Laboratories, Hercules, CA). After separation by SDS-PAGE and electrophoretic transfer to nitrocellulose, Western blots were performed using anti-HA, anti-myc, anti-Sec61 (provided by R.Schekman, University of California, Berkeley, CA) and anti-Gas1 (provided by T.Doering, Cornell University School of Medicine, NY). For metabolic labeling experiments involving pGAL-pma1-D378N, cells were grown to mid-log in synthetic complete medium without methionine and cysteine and containing 2% raffinose, and then resuspended in fresh medium containing 2% galactose. For experiments with pMET-pma1-D378N, cells were grown to mid-log in minimal medium containing 600 μM methionine, harvested, washed and resuspended in methionine-free medium for 2 h. Cells were labeled with Expre 35 S 35 S (2 mCi/25 OD 600 cells) and chased in the presence of 10 mM methionine and cysteine. At various times of chase, aliquots were placed on ice in the presence of 10 mM Na azide. Cell lysate was prepared by vortexing with glass beads. For immunoprecipitation, lysate samples were normalized to acid-precipitable c.p.m. Immunoprecipitations were performed in RIPA buffer, and analyzed by SDS-PAGE and fluorography. Polyclonal anti-CPY was provided by T.Stevens (University of Oregon, Eugene, OR).
